Abstract Insulin receptor substrate (IRS)-1 and IRS-2 are adaptor proteins in the insulin-like growth factor I (IGF-I)/ IGF-I receptor (IGF-IR) pathway that mediate cell proliferation, migration, and survival. In addition to their role as scaffolding proteins in the cytoplasm, they are able to translocate into the nucleus and regulate gene transcription. IRS levels are developmentally and hormonally regulated in the normal mammary gland and both are essential for normal mammary gland bud formation and lactation. Both IRS-1 and IRS-2 are transforming oncogenes, and induce transformation and metastasis in vitro and in vivo. In breast cancer IRSs have unique functions, with IRS-1 being mainly involved in cell proliferation and survival, whereas IRS-2 has clear roles in cell migration and metastasis. In this review we will discuss the roles of IRSs in mammary gland development and breast cancer.
Abbreviations

IRS
The IRS Family of Proteins
There are six members of the IRS family of signaling adaptor proteins (IRS-1-6) [1] [2] [3] [4] [5] [6] . IRS-1 and IRS-2 are widely expressed in tissues, including brain, muscle, heart, adipocyte, kidney, ovary and mammary gland [7] [8] [9] [10] , whereas IRS-4 is limited to the brain and thymus [5] . While IRS-3 is expressed in rodents, a paralog has not been identified in humans [4] . IRS-5 and IRS-6 are considered 'distant relatives' from the rest of the family and are more similar to each other than to the other IRS proteins [6] .
Owing to their wide tissue expression in rodents and humans, IRS-1 and IRS-2 are the most well-studied. IRS-1 and IRS-2 are highly similar to each other in protein structure [2, 3, 11] . Both contain a highly conserved Nterminus, with a plextrin homology (PH) and phosphotyrosine binding (PTB) domains which mediates the binding to insulin receptor (IR) and insulin-like growth factor receptor (IGF-IR) [11] [12] [13] [14] [15] . In their C-termini, IRSs contain numerous tyrosine and serine residues that serve as docking sites for Src-homology 2 (SH2) containing proteins [11, [16] [17] [18] . Upon phosphorylation of the tyrosine and serine residues, downstream adaptor proteins are recruited and activated [11, 19] . The best characterized downstream effectors are PI3K and ERK1/2 [20] [21] [22] [23] [24] . Ligand-activated IGF-IR and IR signaling pathways that involve direct IRS binding are known as canonical IRS signaling pathways [1, 3, 11, 24, 25] . However, IRS-1 and IRS-2 are involved in other non-canonical signaling pathways independent of binding to IGF-IR/IR, including cytokine (e.g. interleukins such as IL-4) or hormone (e.g. prolactin and growth hormone)-induced signaling pathways [24, [26] [27] [28] . For example, cytokine receptors can activate JAK cytoplasmic tyrosine kinases to phosphorylate and activate the IRSs [29] .
IRS-1 and IRS-2 also exhibit non-canonical functions inside the nucleus (for review see [24] ). A number of studies have shown nuclear translocation of IRS proteins [30, 31] . Interestingly, IRS proteins don't have a nuclear translocation signal, but their translocation is dependent on their PTB domains [32] . Translocation of IRS proteins is promoted by stimulation with IGF-I [31] or certain oncogenes [32] . Inside the nucleus, IRS-1 and IRS-2 regulate transcription of genes involved in different stages of cancer progression. Nuclear IRS-1 associates with estrogen receptor α (ERα) to form a complex [30] . The IRS-1/ERα complex binds to the estrogen-responsive element (ERE) in the pS2 gene promoter and regulates ERα transcription [30, 31] . Nuclear IRS-1 interacts with β-catenin, which is induced in the process of epithelialmesenchymal transition, and IRS-1 also regulates the transcription of cyclin D1 [33] . In fact, it has been shown that nuclear IRS-1 binds to cyclin D1, c-myc and rDNA promoters to increase their promoter activity [34] . Furthermore, nuclear IRS-1 attenuates DNA repair by interaction with RAD-51 in polyomavirus JC T-antigen-induced double strand break of DNA [35, 36] . Similar to IRS-1, IRS-2 also translocates into the nucleus. Nuclear IRS-1 and/ or IRS-2 have been shown to regulate RNA polymerase I activity by binding to upstream binding factor 1 and thus altering ribosomal RNA synthesis [37, 38] . Taken together, these studies suggest an important role of IRS proteins in regulating the transcriptional level of a number of genes.
IRSs in Mammary Gland Development and Function
IRS Levels During Postnatal Development
A number of studies have shown the significance of the IGF system in mammary gland development (for review see other articles in this journal). We showed that IRS-1 and IRS-2 proteins are expressed in all stages of mammary gland development [39] . In nulliparous mice, both proteins are expressed in epithelial ducts and terminal end buds (TEBs), and only rarely myoepithelium or stroma. Interestingly, we found that IRS-1 expression showed a unique punctuate pattern in the ducts. Importantly, the same pattern has been shown for expression of steroid hormone receptors, including ER and progesterone receptors, suggesting that IRS-1 expression is regulated by steroid hormones [40] [41] [42] [43] . Injection of IGF-I into virgin mice caused a rapid increase in the phosphorylation of IRS-1 supporting the notion that IRS-1 may mediate IGF-Iinduced development [44] . In contrast to IRS-1, IRS-2 is expressed in a more uniform pattern and shows a more intense expression in the TEBs [39] . Interestingly, IRS-2 is expressed in ER negative cap cells while IRS-1 is absent. During pregnancy, the levels of both proteins increase by about 2-fold and continue increasing until a peak at lactation. At lactation, IRS-1 and IRS-2 proteins are 20 and 10-fold higher than in the virgin gland. A rapid and dramatic loss of both protein levels in the mammary gland immediately follows lactation. By the time of involution, both proteins are completely lost.
Effects of IRS Gene Deletion on Mammary Gland Development
Postnatal Development
To understand the roles of IRS-1 and IRS-2 in mammary gland development, we examined IRS-1 and IRS-2 null mice. To our surprise we found that FVB/IRS-1 null [39] and FVB/IRS-2 null (unpublished data) mice both showed normal mammary gland development. Both lines of mice underwent normal pregnancy-mediated development of the gland, and both were able to lactate (albeit with slightly reduced efficiency as discussed later).
Mammary Bud Formation
The lack of phenotype in both IRS-1 −/− and IRS-2 −/− mouse mammary glands suggested a compensatory role in mammary gland development under IRS deficiency. Indeed Hadsell et al. found elevated IRS-2 tyrosine phosphorylation in the mammary gland of IRS-1 −/− mice [45] .
Therefore, IRS-1/2 double knockout mice would be a better model for testing their roles in mammary gland development, however, IRS-1/2 double knockout mice are embryonic lethal. To circumvent this problem, development of E14.5 embryonic mammary bud transplants were studied in IRS-1 [46] . Staining with the epithelium marker p63 and mesenchymal differentiation marker androgen receptor showed reduced-sized mammary buds with defective epithelial and mesenchymal differentiation in IRS-1/2 double deficient mouse embryos. Mesenchymal proliferation and condensation were decreased in the mammary buds of these mouse embryos. Importantly, epithelial proliferation was not affected suggesting that a defect in mesenchyme-leading migration of epithelial progenitor cells, rather than reduction in proliferation, resulted in smaller mammary buds.
Lactation
Owing to the significant increase of IRS-1 and IRS-2 proteins in the mammary gland during the immediate postpartum period, the role of both proteins during lactation in IRS-1
and IRS-2 −/− mice was investigated. Hadsell et al. showed
that lactational capacity was reduced in both IRS-1 −/− and IRS-2 −/− mice which resulted in pups with lower body weight [45] . Analysis of the milk composition in IRS-1
mice revealed a decline in lactose content, however, the reduction was not related to the milk protein gene expression or mammary secretory cell carbohydrate metabolism.
IRSs as Transforming Oncogenes in Breast Cancer
Surmacz's group was the first to show the transforming potential of IRS-1 in mouse embryo fibroblasts (MEFs) [47] , and subsequently it was found that IRS-1 actually bound to SV40-T antigen and participated in its transforming ability. Overexpression of IRS-1 in NIH3T3 fibroblasts increased phosphorylation of IRS-1 and activation of ERK 1/2 and resulted in transformed foci and colony formation in soft agar [48] . Supporting this, IRS-1 co-operates with Ras in the transformation of 32D cells [49, 50] .
IRS-Mediated Transformation of Mammary Epithelial Cells
Previous studies showed that immortalized, non-transformed human mammary epithelial MCF-10A cells form polarized acini in three dimensional (3D) culture [51] . Overexpression of either IRS-1 or IRS-2 induced extensive proliferation and disrupted the polarity in MCF-10A cells grown in 3D culture, with the formation of disrupted acini with filled lumen [52] . Although the mechanism is still unknown, similar results from ErbB2-overexpressed MCF-10A cells in 3D culture have been reported [53] . ErbB2 disrupted the polarity complex by binding to Par 6. Whether IRS-1 and IRS-2 undergoing a similar mechanism remains to be determined.
Mammary Tumorigenesis in IRS Transgenic Mice
In order to understand the oncogenic capability in vivo, we generated transgenic mice with overexpression of either IRS-1 or IRS-2 in the mammary gland [52] . MMTV-HA-IRS-1 or MMTV-HA-IRS-2 mice both developed mammary gland hyperplasia, tumors, and metastasis. In both mice, preneoplastic ductal hyperplasia appeared as early as 24 weeks of age, and multiple mammary gland lesions by around 52 weeks of age. Analysis on the histopathology of these tumors showed highly differentiated tumors with only 40% and 20% being mammary adenocarcinomas in MMTV-HA-IRS-1 and MMTV-HA-IRS-2 transgenic mice, respectively. Moreover, metastatic lung tumors were found in 33% and 40% of IRS-1 and IRS-2 mice, respectively. Although the mechanism of the IRS-induced tumorigenesis in these transgenic mice remains unclear, both proteins were found to associate with β-catenin resulting in highly differentiated cell lineages, detectable putative progenitor cells and extensive squamous differentiation in the tumors.
Modulation of Mammary Tumor Metastasis in IRS-Knockout Mice
The effects of IRSs on mammary cancer metastasis have been studied by Leslie Shaw's group [54] [55] [56] . Transgenic and knockout studies have shown divergent roles for IRSs in cancer. IRS-1 and IRS-2 are redundant for primary tumor growth, as both proteins when expressed individually can cause mammary transformation, and reduction of IRS-1 or IRS-2 doesn't affect PyV-MTinduced tumor growth, suggesting that either alone is sufficient for both transformation and maintenance of tumor growth. In stark contrast, this redundancy is not observed in metastasis, where loss of IRS-2 clearly impedes the process. One potential explanation for this observation is that IRS-1 and IRS-2 may share the capacity to generate signals for transformation and primary tumor growth, whereas only IRS-2 is able to promote signals for metastasis. For example, studies in breast cancer cell lines described below have shown that IRS-2 is a major regulator of motility and migration whereas IRS-1 is mainly important for proliferation. Alternatively IRS-2 may selectively activate survival signals required for metastasis. This notion of specific signals downstream of IRSs and a lack of redundancy has previously been shown in brown adipocytes.
IRSs in Human Breast Cancer
IRS Expression in Breast Cancer Cells Lines, and Modulation of IGF-Regulated Growth and Migration
A number of studies have shown roles for IRS-1 and IRS-2 in proliferation and migration downstream of IGF-IR in breast cancer cells. Suppression of IRS-1 blocked more than 70% of cell growth and led to significant apoptosis in MCF-7 breast tumor cells [57] while overexpression of IRS-1 allowed growth under serum-free conditions [58] . Furthermore, IRS-1 increased the aggressiveness of BT-20 cells, allowing them to grow in soft-agar and form larger tumors in vivo [59] . Interestingly, nuclear IRS-1 was found to associate with cell cycle gene promoters including c-myc and cyclin D1 in BT-20 breast cancer cells stimulated with IGF-I [59] . Conversely, a recent study showed that IRS-1 formed a complex with androgen receptor (AR) and translocated into the nucleus where it upregulated the transcriptional activity of AR [60] .
While IRS-1 prevails in cell proliferation, IRS-2 is more preferentially involved in cell motility. The different roles of IRS-1 and IRS-2 in mammary tumorigenesis were shown in T47D-YA cells which did not express both IRS-1 and IRS-2 [61] . Transfection of IRS-1 and IRS-2 led to IGF-I-stimulated cell proliferation and motility, respectively. Both IRS-1 and IRS-2 activated PI3K, however, only IRS-1 was found to phosphorylate ERK 1/2 that promoted cell growth. The downstream signals in IRS-2-mediated cell motility remained to be determined. A role for IRS-2 in cell migration rather than proliferation has also been shown in metastatic mammary tumor cell lines. Suppression of IRS-2 in MDA-231-BO cells downregulated cell migration but not the proliferation [62] . Given the ability of IRS-2 in promoting motility, this might explain why the knockdown of IRS-2 impedes metastasis of PyV-MT tumors that shown by Shaw's group [55] . Collectively, both IRS-1 and IRS-2 are key signal transducers in IGF-mediated pathway with different roles of which IRS-1 regulating proliferation and IRS-2 regulating cell migration and metastasis.
Regulation of IRSs by Steroid Hormones and Other Growth Factors
Studies have shown the synergistic effect of crosstalk between ER and IGF-IR pathways in breast cancer cells. Estrogen increased IRS protein expression in MCF-7 cells and induced the tyrosine phosphorylation of both IRS-1 and IRS-2 [63, 64] . On the other hand, the anti-estrogens tamoxifen or ICI 182, 780 inhibited the estrogen-stimulated induction on both IRS proteins [65] and silencing IRS-1 enhanced tamoxifen-induced cell death [66] . Furthermore, a variant of MCF-7 cells that lost expression of ERα (C4-12) was found to have low levels of IRSs that were restored upon re-expression of the ER [67] . Other than regulating their expression, estrogen also regulates the intracellular location of IRS-1. As mentioned earlier, IRS-1 was found to interact with ERα and translocated into the nucleus as a complex upon stimulation by estrogen [30, 31] . Inside the nucleus, the IRS-1/ERα complex bound to the ERE of the ERα promoter and regulated transcription [30, 31] . Another important steroid hormone in breast cancer, progesterone, also displays a role in regulating IRS-2 [68] . We found that IRS-2 mRNA and protein levels were induced by progesterone stimulation through progesterone receptor B leading to activation of the downstream signals in IGF-IR pathway and cell migration [68, 69] . Taken together, these studies suggest that IRS-1 and IRS-2 mediate the crosstalk between IGF-IR and steroid hormone pathways.
Other than steroid hormones, growth factors also regulate IRS protein level and activity in breast cancer cells. Epidermal growth factor receptor (EGFR) has been shown to regulate IRS-1 expression. Indeed, EGFR associated with IRS-1 in tamoxifen-resistant MCF-7 (Tam-R) cells where it enhanced the phosphorylation of IRS-1 at serine 896 which served as the docking site for Grb2 and activated MAPK signaling [70] . Such association with EGFR limited IRS-1 binding to IGF-IR and the activation of the downstream Akt, but treatment with gefitinib shifted IRS-1 back to the IGF-IR signaling. This study suggests that IRS-1 is crucial in EGFR-mediated signaling under tamoxifen-resistance. We have also shown that both IRS-1 and IRS-2 were induced by stimulation of EGF through distinct pathways [71] . Elevated IRS-1 was mediated through activation of ERK1/2, whereas elevated IRS-2 was mediated through JNK.
Expression of IRSs in Human Breast Tumors
Studies of IRS-1 expression in human breast tumors have provided inconsistent results [72, 73] . In one study, IRS-1 levels were found to be strongly downregulated in Grade 3 poorly differentiated tumors [72] . However, another study found that IRS-1 was expressed in Grade 3 tumors and lymph node metastasis [74] . Owing to the inconsistency of IRS-1 expression in mammary tumors, the intracellular location of IRS-1 may be a more important factor in breast cancer progression. Thus, nuclear IRS-1 expression has been found to have increased frequency in breast cancer. The median frequency of nuclear IRS-1 in normal epithelium was only 1.6%, but this increased to 11% in ductal carcinoma and 35% in lobular carcinoma [75] .
Prognostic Significance of IRS Expression
A number of studies have investigated the prognostic significance of IRS protein expression in breast cancer. Being an important component in breast cancer progression, one would predict that IRS-1 levels correlate with poor prognosis. Consistent with this, high expression of IRS-1 predicts a greater incidence of recurrence after surgery [73] . Also, elevated IRS-1 levels were associated with reduced disease-free survival in patients with ERpositive tumors [64, 73, 74] . On the other hand, IRS-1 level negatively correlated with proliferation in ER-negative tumors [74] and low IRS-1 expression was associated with poor prognosis [72] . Interestingly, nuclear IRS-1 was found to strongly correlate with ERα in the invasive ductal breast cancer [75] , and we have found that nuclear IRS-1 is an independent predictor of outcome in response to tamoxifen therapy (Lee AV, unpublished results).
The association of single nucleotide polymorphisms (SNPs) in the IRS genes and the risk of breast cancer has recently been studied. The most common polymorphism in IRS-1 is a glycine to arginine change at codon 972 (Gly 972 Arg) [76] . A study was conducted on the association between genetic variations in IGF signaling system and risk of breast cancer [77] . It was found that Hispanic patients were less likely to have the A allele in IRS-1 than nonHispanic white patients. Among post-menopausal women, the heterozygous genotype (GA) positively correlated with increased risk of breast cancer only in Hispanic women without recent exposure to hormones. Breast density is a risk factor that positively correlates with increased risk of breast cancer [78] [79] [80] . In a study on the association between breast density and genetic variations in IGF signaling system, the rare AA genotype was found not to associate with breast density [81] . Given that the significance of the crosstalk between the IGF and ER signaling in breast cancer, the association between the genetic variations in IRS-1 and sex hormone levels in post-menopausal breast cancer survivors was studied [82] . The GA genotype was only found in African-American patients and positively correlated with estrone, testosterone and free testosterone and negatively correlated with serum hormone binding globulin. The IRS-2 Gly 1057 Asp polymorphism was not found to associate with risk of breast cancer or other risk factors studied [77] . However, a recent study has shown that two of three polymorphisms in IRS-2 studied are associated with increased risk of breast cancer [83] . Owing to the small sample size in these studies, a conclusive statement on the association of IRS polymorphism and risk of breast cancer could not be drawn.
Summary
IRSs are critical elements in the IGF-IR signaling pathway and have themselves been shown to be transforming oncogenes. Studies in breast cancer cell lines and in mice have shown divergent roles for IRS-1 and IRS-2 in proliferation, migration, invasion, and metastasis. Despite all of this evidence, studies in human breast cancer are inconsistent and require further investigation. This is in part due to the paucity of studies, and also the measurement of total protein levels rather than IRS activation. Further studies using phospho-specific antibodies are likely to highlight important roles for IRSs in human breast cancer and measurement may eventually play a role in predicting response to anti-IGF-IR therapies.
